To simulate the progressive failure of pinned joint in quasi-isotropic [0/45/-45/90]s glass fiber reinforced polymer (GFRP) composite laminates used in pipeline, 3-D finite element model is employed in the present work. Hashin failure criterion as a progressive damage model associated with Virtual-CrackClosing-Technique (VCCT) delamination model has been adopted to predicate the failure due to fiber breakage, matrix cracking and delamination in composite pinned joint. This technique may be an innovation for this paper. W/D has been changed to get different modes of failure, i.e. tension, shear-out and bearing failures, in composite pinned joint,. The failure mode for GFRP composite pinned joint has been predicted finally after prediction the failure at each ply laminate of stacking sequence [0/45/-45/90]s. An experimental work of pinned joint in quasi-isotropic GFRP composite laminates has been conducted to validate the present numerical results. The numerical and experimental results showed an agreement between them. Therefore, the present 3D finite element model can be considered as a good candidate to expect the progressive damage in composite pinned joints.
INTRODUCTION
Polymeric composite pipelines are increasingly used for a variety of applications, such as in the oil, gas and high pressure container industries. As is already known, the composite adhesive/bolted joints are potentially sources of weakness and additional weight in engineering structures and mechanical components, El-Emam et al. (2016 , 2017 ; ElSisi et al. (2014) ; Sallam et al. (2011) . The stress concentrations due to the presence of the fastener hole cause delamination or other types of damage modes and final failure, Sallam et al. (2011) .. Intra-laminar damage (matrix cracking and tension/compression fiber breakage) and delamination damage (inter-laminar damage) are the main types of damages in composite structures. Progressive damage models (PDMs) focus on failure criterion and the material degradation rule, Hashin (1980 . Several researchers, El-Sisi et al. (2015 ; Zhou et al. (2013) ; McCarthy et al. (2005) , used Hashin failure criterion (Hashin 1980) to analysis the damage in pinned joints made of composite materials.
Abd-Elhady and used a different approach than progressive damage model PDM to expect the type of failure in pinned joint. Abd-Elhady and studied the mode of failure and ultimate strength of pinned joined due to the existence of scratch like a crack at the pin hole surface. showed that, damage initiated firstly by delamination between the ±45 o , and 90o layers, secondly the layers of 90o were failed by net tension failure mode, finally catastrophic failure were produced for ±45 o layers. The delamination can initiate in a shearing mode. On the other hand, through thickness cracks and delamination may be occurred during the bearing mode of failure. The integrity of composite structures may be vanished by delamination and subsequently severely lose their strength. Furthermore, the delaminations are difficult to detect experimentally. Nassar et al. (2007) used microscopically experimental technique to study the effect clamping force on the occurrence of delamination. Therefore, 3D finite element analysis may be a good candidate to predict the failure mode of composite bolted joints taking into its consideration delamination effects.
Problem description
The main objective of the present work is to build a progressive damage model based on Hashin failure criterion associated with Virtual-Crack-Closing-Technique (VCCT) delamination model to study of the initiation and progressive damage of pinned connections in quasi-isotropic GFRP composite laminates. The effect of pinned joint geometry is considered in this work. To validate the present numerical results, the experimental work has been conducted with different joint geometry to achieve different modes of failure.
FINITE ELEMENT MODEL
The mechanical properties of GFRP lamina used in the present investigation are shown in Table 1 , which is extracted from the authors' previous work, Abd-Elhady and ; Sallam and Abd-Elhady (2015) ; Ghanem et al. (2006) . Eight quasi-isotropic laminates with [0/45/-45/90]s lay-ups are simulated with continuum shell elements type (SC8R). Table 1 states the material properties of GFRP used in the present work. The dimensions of GFRP Composite plate with fastener hole and the bolt geometry are listed in Table 2 . In order to simulate the progressive damage for different mode of failure, W/D has been changed to obtain tension failure, shear out failure and bearing failure as shown in Fig. 1 . In the present work, a thin epoxy interface layer with thickness 0.1 mm was used to predict a 3-D delamination effects between the plies and simulated using Linear 8-node hexahedral brick elements (C3D8R). It was simulated as isotropic material with modulus elasticity 4 GPa and Poisson's ratio 0.398 (Warren et al. 2016) . The interface layer was tie at each face of GFRP lamina.
Pin applied Load
Fixed End The steel bolts were simulated as isotropic material, with modulus of elasticity 207 GPa and Poisson's ratio 0.3 and meshed using C3D8R. The clearance between the bolt shank and fastener hole is assumed to be zero. The outer diameter, Dbo, of the bolt head and nut was kept constant equal 10 mm. Contact pairs were defined between interacting surfaces of the parts. The interaction between the bolt and composite laminates was simulated using "Surface to surface contact". Progressive failure analyses through the finite element models were performed using the commercial finite element software ABAQUS (2016 

Progressive damage model
Hashin failure criterion as a progressive damage model associated with VCCT delamination model is suggested in the present work to predicate the damages in fiber and matrix damage in addition to the delamination damage in quasi-isotropic [0/45/-45/90]s GFRP composite pinned joint. This technique may be an innovation for this paper.
Hashin failure criterion
The 3-D damage model using ABAQUS code (ABAQUS 2016) is implemented in this paper to predict the modes of intra-laminar damage based on Hashin's theory (Hashin 1980; Hashin and Rotem 1973) . Hashin failure criteria are considering four different failure modes: fiber tension, fiber compression, matrix tension and matrix compression. Moreover, it considers that the behavior of the undamaged material is linearly elastic. The procedure steps of the present Hashin model are described well elsewhere (ABAQUS 2016; Barbero et al. 2013; Hashin and Rotem 1973) . The initiation criteria have the following general forms:
2-Fiber compression ( 11 0   ):
Latin 
where σ ij are the scalar components of stress tensor where: i,j = 1-3, X and Y are the strengths in the fiber direction and transverse direction, respectively, α is a coefficient that determines the contribution of the shear stress to the fiber tensile initiation criterion, and S is the shear allowable. The subscripts 'c' and 't' denote compression and tension. The strength data of GFRP composite materials used in the present model are given in table 1. Damage occurs when value of one of the above initiation criterion reaches the unity or greater than it. Therefore, the value of each initiation criterion in each step of loading has been traced to identify the stages of the progressive failure.
Delamination Bonding Model
The energy release rate, G, considered one of the main fracture parameter can predict the crack growth under different mode of mixity. Therefore, several researchers (Krueger 2004; Liu et al. 2011; Xie and Biggers 2006; Zeng et al. 2016) utilized the VCCT to get the energy release rate, G, to determine the delamination in composite laminates. The main assumption of VCCT is that the strain energy released required for the crack propagation length Δa is equal to that for closing two separate crack surface with crack length Δa (ABAQUS 2016)as shown in Fig. 3 . Figure 3 illustrates the crack propagation between composite layers from i to j: (a) before propagation and (b) after propagation.The crack tip nodes (2 and 5) will be separated when the value of equivalent mode I, II, III energy release rate, Gequiv, is equal to or greater than the equivalent critical energy release rate, GequivC, value as follows:
In the present work, B-K law (Benzeggagh and Kenane 1996) has been adopted to compute the value of GequivC as follows:
where:
where GI, GII, and GIII are Mode I, Mode II, and Mode III of the energy release rate, respectively. GIC and GIIC are the critical values of Mode I and Mode II energy release rates, respectively. b is the plate width. The mixed mode ratio is determined by the parameter η, η ∈ (1.0 − 2.0) (ABAQUS 2016). "Node to surface contact" is adopted to simulate the interaction type between the interfaces layers, while, "VCCT" failure criteria is adopted to simulate the bonding property between the two interface surfaces.
Latin 3 NUMERICAL RESULTS Fig. 4 shows the effect of W/D on the progressive damage failure of the pinned joint in quasi-isotropic [0/45/-45/90]s GFRP composite laminates. The final damage mode changed from net-tension mode of failure at W/D = 2 and 3 to bearing mode of failure which converts to shear-out mode of failure along beneath the fastener hole due to the pressure from the bolt at W/D = 4 and 5. The fiber compression damage area increases by increasing the value of W/D and it appears at the bearing zone. However, the value of fiber tension damage decreases by increasing the value of W/D. On the other hand, the matrix compression damage area decreases by increasing the value of W/D and it appears at the net-tension zone, while, the matrix tension damage area increases by increasing the value of W/D shown and it appears at bearing zone, as shown in figure 4 . Generally, the compressive failure of fiber associated with tensile failure of matrix is detected at the bearing damage zone and the area of this zone increased by increasing W/D, while, the tensile failure of fiber associated with compressive failure of matrix is detected at net-tension damage zone and the area of this zone decreased by increasing the value of W/D.
In order to predict the stages of progressive failure of quasi-isotropic composite pinned joint, the failure at each ply lamina of stacking sequence It can be seen from figures 5 and 6 that, the site of tensile/compressive damage of the fiber depends on the direction of the fiber in each lamina, i.e. the site of compressive failure of fibers in 0o ply is found at bearing damage zone, while, it is found at net-tension damage zone for 90o ply. The same observation is found for tensile failure of fibers but in the opposite sites, as shown in Figs 5 and 6. In general, the tensile failure of fibers is associated with compressive failure of matrix, while, the compressive failure of fibers is associated with tensile failure of matrix.
It can be seen from Fig. 5 , at the site of net-tension failure the largest size of fiber tension damage zone is found in 0 o ply, while, the largest size of matrix tension damage zone is found in 90 o ply. Furthermore, the size of contact damage between the bolt and the hole is very small in all plies. The damage at the net-tension zone is larger than that at bearing zone. Therefore, the mode of the pinned composite joint with stacking sequence [0/45/-45/90]s with W/D= 2 is a net-tension mode of failure. On the other hand, the size of fiber tension damage zone is very small in all plies for W/D = 5, as shown in Fig. 6 . The dominate type of failure is matrix tension followed by matrix compression. In the two paths of shear out mode of failure in ±45 o plies, one path in +45 o ply failed due to matrix tension and the other failed due to matrix compression vice versa with -45 o ply. Therefore, the mode of failure the pinned composite joint with W/D = 5 is a shearing mode. Tables 3 and 4 illustrate the relationship between constituent failure mechanism of different plies laminates of pinned joints structure from initial to final failure and the pin displacement for W/D= 2 and 5 respectively. Table 3 and 4 depict that the failure of the pinned joint commenced from the matrix damage for all plies and then the damage extended to the fibers. For W/D = 2, the fibers damage starts from 0 o ply followed ±45 o plies and finally to 90 o ply, see Table 3 . However for W/D = 5, at the beginning the matrix failed in compression followed failure matrix tension in all plies with fiber compression failure in 0 o ply. The same sequence of fiber compression failure in different plies is found in W/D = 5, i.e. started in 0 o ply and finally in 90 o ply. The fiber tension failure started from the ±45 o plies and then to the 0 o and 90 o plies at the same time, see Table 4 . For W/D = 2 the damage began at load-displacement = 0.025 mm before the damage of W/D= 5 starting at load-displacement = 0.05 mm, while, the final failure load of W/D = 2 is reached at load-displacement = 0.12 mm and it is lower than that of W/D= 5 (reached at load-displacement = 0.29 mm). 
• mean damage, C: mean compression damage and T: mean tension damage
Experimental Verification
The experimental work conducted by Ghanem et al (2006) was recall in the present work to validate the applicability of 3D finite element method for simulating the progressive damage in composite pinned joint. Quasi-isotropic [0/45/-45/90]s glass fiber reinforced epoxy (GFRE) composite laminates with 4±0.1 mm thickness were made using prepregs method. The average value of fiber volume fraction (Vf) was 39%. A series of mechanical tests were carried out using a universal testing machine with machine crosshead speed during all tests was 0.1 mm/min. The number of specimens, tests procedures and specifications are described in details elsewhere, Ghanem et al (2006) . Table 5 states the mechanical properties of the quasi-isotropic [0/45/-45/90]s GFRE composite laminates which are the average values of five specimens in each test. The dimensions of pinned joint quasi-isotropic laminates specimens have the same dimensions used in the numerical work, see table 2. 
COMPARISONS BETWEEN NUMERICAL AND EXPERIMENTAL RESULTS
The comparisons between the numerical predictions and the experimental results for final failure of composite pinned joints with W/D = 2 and 5 are shown in Figs. 7 and 8 respectively. In the case of W/D = 2, it is found experimentally that, the failure of fiber and matrix in addition to the delamination appeared at the root of the fastener hole as a net-tension mode of failure, Fig. 7 .a. This observation is compatible with the fiber tension damage predicted numerically at the same site, Fig. 7 .b. It can be observed from figure 8.a, the fiber and matrix fracture appeared as shear out mode of failure, as well as the material is moved away the contact region by the bearing stress to produce the shear out fracture. It can be seen that the fiber tension damage and matrix compression damage appear at the root of the fastener hole and it are very small compared to the fiber compression damage and matrix tension damage which appears at the contact area between the fastener hole and bolt. A comparison between Hashin model associated with delamination model using VCCT and Hashin model only through evaluating their predictions of mode of failure composite pinned joints and the load-pin displacement curves to those measured experimentally. Figure 9 .a shows the mode of failure mode observed experimentally for different values of W/D. it is clear that, the damage consists of (1) fiber damage, (2) matrix damage and (3) delamination damage between the layers. Fig. 9 .c shows the numerical results based on Hashin model only. Hashin model presents only two types of damage, namely (1) fiber damage (tension or compression) and (2) matrix damage (tension or compression). This means that, Hashin model is applicable only for single layer composite and it is not appropriate for laminated composite. For all values of W/D, there is a good agreement between the load-displacement curve predicted from Hashin associated delamination model and those measured from the experimental work. However, Hashin model failed to predict the descending part of the curve. For W/D = 2 and 3, a brittle failure of pinned joint is observed, i.e. sudden drop in the strength after reaching its ultimate strength. For W/D = 4 and 5, a ductile failure of pinned joint is observed, i.e. the bearing failure occurred at load equals about 3.5 kN and pin-displacement equals 0.3 mm (starting of the shear-out failure). After that, the shear-out damage increase associated with increasing the resistance of the pinned joint to reach its ultimate strength at the final stage of the shear-out damage (Load ≈ 4.5 kN and pindisplacement ≈ 0.6 mm). This means the pin-displacement at the final stage of the shear-out damage is two times that at the commencement of the shear-out damage and the load ratio equals 4.5/3.5 ≈ 1.25. 
CONCLUSIONS
Based on the above results, the following conclusions can be drawn:
1-The compressive failure of fiber associated with tensile failure of matrix is detected at the bearing damage zone and the area of this zone increased by increasing W/D. 2-The tensile failure of fiber associated with compressive failure of matrix is detected at net-tension damage zone and the area of this zone decreased by increasing the value of W/D. 3-The site of tensile/compressive damage of the fiber depends on the direction of the fiber in each lamina, i.e. the site of compressive failure of fibers in 0 o ply is found at bearing damage zone, while, it is found at net-tension damage zone for 90 o ply. The same observation is found for tensile failure of fibers but in the opposite sites. 4-In the case of net-tension failure mode, the largest size of fiber tension damage zone is found in 0 o ply. 5-Hashin failure criteria associated with delamination damage approach is a good candidate to predict the failure stages of composite pinned joint. 6-Load-pin displacement curves predicted by Hashin associated with delamination model are more closed to experimental curves than those predicted by Hashin model only. 7-For W/D = 2 and 3, a brittle failure (net-tension) of composite pinned joint is observed, while, for W/D = 4 and 5, a ductile failure (bearing followed by shear-out) of composite pinned joint is observed.
